Fundamental observations on brain energy metabolism at the organ level culminated over 40 years ago, in particular through the pioneering work of Schmidt and Kety (1948). By determining arteriovenous (A-V) differences of a number of metabolic substrates the view emerged that, except under certain nonphysiological conditions, glucose is the obligatory energy substrate for the brain (Edvinsson et al., 1993). Glucose utilization by the brain is 31 u.mol/100 gm/min, while oxygen consumption is 160 (i.mol/100 gm/min; since CO 2 production is almost identical, the respiratory quotient (RQ) • of the brain is nearly 1, indicating that carbohydrates are the substrates for oxidative metabolism (Sokoloff, I960). With a global blood flow of 57 ml/100 gm/min, the brain extracts approximately 50% of oxygen and 10% of glucose from the arterial blood. Given a theoretical stoichiometry of 6 n.mol of oxygen consumed for each |i.mol of glucose, the expected brain glucose utilization should in theory be 26.6 fi.mol/100 gm/min rather than the measured 31 |imol/100 gm/min; thus, an excess of 4.4 |jt,mol/100 gm/min of glucose follows other metabolic fates. These include the production of lactate and pyruvate which do not necessarily enter the tricarboxylic acid cycle, but rather, can be released into the circulation. Glucose can also be incorporated into lipids, proteins, and glycogen, and it is the precursor of certain neurotransmitters such as GABA, glutamate, and acetylcholine (Sokoloff, 1989; Edvinsson et al., 1993).
endorf, 1977). However, if formed inside the brain parenchyma, they are useful metabolic substrates for neural cells (Mcllwain, 1953; Ide et al., 1969; Teller et al., 1977) . Net release of lactate and pyruvate (negative A-V difference) is occasionally measured in normal individuals, and more frequently in aged subjects or during convulsions (Kety, 1957; Cohen et al., 1967; Folbergrova, 1974) . Since steady-state arteriovenous (A-V) differences provide indirect evidence that a substance can be either used as a substrate by die brain (positive A-V difference) or produced by the brain (negative A-V difference) diese observations indicate a variable degree of glycohtic glucose processing by the brain (Fig. 1 ).
Regional Level
Studies at the organ level, while revealing the global substrate requirements for the brain and their stoichiometry, failed to provide the appropriate level of resolution to appreciate two major features of brain energy metabolism: (1) its regional heterogeneity, and (2) its tight relationship with the functional activation of specific pathways. A major technical advance that brought die regional resolution to studies of brain energy metabolism and tiiat laid die ground for visualization of neural activity, is the autoradiographic 2-deoxyglucose mediod (2-DG) developed by Sokoloff and colleagues. Widi this technique, local rates of glucose utilization (LCMRglu) can be determined with a spatial resolution of approximately 50-100 \xm (Sokoloff et al., 1977; Sokoloff, 1981) .
Using die 2-DG autoradiographic technique, LCRMglu have been determined in virtually all structurally and functionally defined brain regions during various physiological and patiiological states. Activation of padiways subserving specific modalities, such as visual, auditory, olfactory, or somatosensory stimulations as well as motor activity has also been revealed in the pertinent brain structures by die 2-DG technique (Sharp et al., 1975; Kennedy et al., 1976; Wolf et al., 1983; Melzer et al., 1985; Ginsberg et al., 1987) . A consistent finding has been diat the increase in 2-DG uptake linked to functional activation occurs in die neuropil, diat is, in regions diat are enriched in axon terminals, dendrites, and synapses ensheadied by astrocytic processes, and not where neuronal perikarya are located (Kadekaro et al., 1985; Sokoloff, 1991) . Given die complex intertwining of neural processes in die nervous system, this observation is particularly apparent in diose circuits in which a clear-cut polarization of neural process exists (Roland, 1993) . Thus, a striking example was provided by a study of Sokoloff and colleagues showing diat when die sciatic nerve of anesdietized rats is stimulated, a frequency-dependent increase in 2-DG uptake occurs in die dorsal horn of die spinal cord (where afferent axon terminals make synaptic contacts widi second order neurons) but not in die dorsal root ganglion, where die cell body of die sensory neurons is localized (Kadekaro et al., 1985) . As anotiier example, increases in glucose utilization in die well-laminated monkey primary visual cortex elicited by appropriate visual stimuli, are most pronounced in layer IV, which is poor in perikarya but 
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Figure 2. Schematic representation of the cytological relationships between astrocytes, neurons, and blood vessels. Astrocyte end-feet form the first cellular barrier encountered by glucose entering the brain parenchyma and are therefore a likely prevalent uptake site. They are also ideally located to sense synaptic activity, since one of their main function is to remove excess glutamate and potassium from the extracellular space upon neuronal activation. Hnally, they can provide neurons with metabolic intermediates such as lactate, which is an adequate energy substrate.
where the terminals of axons projecting from the lateral geniculate engage in synaptic contacts (Kennedy et ah, 1976) . A similar observation was made in the whisker barrel field of rat somatosensory cortex where the increase in glucose utilization during activation is greatest in layers in and IV (Hand et al., 1978) . Consistent with this finding, activation studies of specific functional pathways using PET determination of cerebral blood flow indicate that the increases in energy demands occur in the projection areas, that is, where axon terminals are found (Zeki et al., 1991; Deiber et al., 1993) . This set of observations, •while providing a focus on synaptic terminals and their associated astrocytic processes as the principal sites of activation-dependent increases in energy metabolism, lack the cellular resolution required to determine the relative contribution of neurons and glial cells as well as the nature of metabolic exchanges occurring between these two cell types. Studies in cellularly homogeneous preparations in conjunction with others on well compartmentalized and simple nervous tissues have provided strong indications for a prevalent glial localization of die activation-induced increase in glucose utilization. These evidences and their relevance to functional brain imaging are reviewed in the following paragraphs.
Cellular Localization of Metabolic Events during Activation
Cytological Relationships between Neurons and Astrocytes When considering brain energy metabolism the focus is predominantly, if not exclusively, placed on neuronal energy metabolism. However, other cell types, namely glia and vascular endothelial cells, play an active role in the flux of energy substrates to neurons. The arguments are both quantitative and qualitative. First, while it is arduous to provide a definitive ratio between neurons and non-neuronal cells, given the variability in figures obtained in various species, brain areas, and developmental ages using often methods that are not easily comparable, it is clear that neurons contribute at most 50% of cerebral cortical volume (O'Kusky and Colonnier, 1982; Kimelberg and Norenberg, 1989; Bignami, 1991) . Estimates of astrocyte:neuron ratios of 10:1 have been put forward (Bignami, 1991) . In addition, there is clear evidence indicating that the astrocyte:neuron ratio increases with increasing brain size (Tower and Young, 1973) ; this is an important consideration when considering the cellular bases of brain energy metabolism in humans. Second, particular astrocytic profiles, die endfeet, surround intraparenchymal capillaries, which are the source of glucose. This cytoarchitectural arrangement implies that astrocytes form the first cellular barrier that glucose entering the brain parenchyma encounters, and it makes them a likely site of prevalent glucose uptake (Fig. 2) . This latter structural feature has long been suggested as evidence indicating a role of astrocytes in the distribution of substances from blood to other brain cells (Sala, 1891; Andriezen, 1893) . Finally, astrocyte processes are wrapped around synaptic contacts, implying that they are ideally positioned to sense and be functionally coupled to increased synaptic activity. In fact, two well-established functions of astrocytes are the clearance of potassium and the uptake of glutamate, both of which increase in the extracellular space in conjunction with synaptic activation (Barres, 1991) . Pellerin and Magistretti, 1994) .
between 50 and 150 (imol/100 gm wet weight/min in the rat (Sokoloff et al., 1977) . If a protein content of 10% of wet weight is assumed, a value of 5-15 nmol/mg prot/min is obtained. These values are approximately 50% lower in the primate brain (Kennedy et al., 1978) . Physiological activation of specific pathways results in a 1.5-3-fold increase in LCMRglu, as determined by the 2-DG technique (Miyaoka et al., 1979; McCulloch et al., 1980) . Glucose utilization can be determined with the 2-DG technique in cellularly homogeneous preparations of astrocytes or neurons such as primary cultures prepared from neonatal or embryonic mouse cerebral cortex. The basal rate of glucose utilization in astrocytes is higher than in neurons, with a rate in astrocytes of 22.3 nmol/mg prot/min and in neurons of 6.3 nmol/mg prot/min. These values are of the same order as those determined in vivo for cortical gray matter, with the 2-DG autoradiographic technique (Sokoloff et al., 1977) . Thus, in view of this difference and of the quantitative preponderance of astrocytes compared to neurons in the gray matter, these data reveal a significant contribution of astrocytes to basal glucose utilization as determined by 2-DG autoradiography or PET.
Glucose Utilization during Activation
The contribution of astrocytes to glucose utilization during activation is even more striking. Thus, since during activation of a given cortical area the concentration of glutamate in the extracellular space increases considerably due to its release from the axon terminals of activated pathways (Fonnum, 1984) , the effect of glutamate application on glucose utilization by astrocytes and neurons in culture •was examined. As shown in Figure 3 , L-glutamate stimulates 2-DG uptake and phosphorylation by astrocytes in a concentration-dependent manner, with an EC*, of 80 | LM (Pellerin and Magistretti, 1994; Takahashi et al., 1995) . This effect is not mediated by specific glutamate receptors known to be present on astrocytes (Pearce, 1993) , since it is not inhibited by any of the specific antagonists tested nor is it mimicked by agonists specific for each receptor subtype such as NMDA, AMPA, quisqualate, or f-ACPD. The effect of glutamate is stereospecific, with only the L-isomer being active, and dependent on the presence of extracellular sodium. This pharmacological profile is characteristic of the glutamate transporter (Kanner, 1993) . Indeed, the increase in glucose utilization evoked by glutamate is completely abolished by preincubation of the cultures with the potent glutamate transporter inhibitor DL-&bm>P-hydroxyaspartate (THA; Pellerin and Magistretti, 1994) . These results clearly indicate a tight coupling between Na + -dependent glutamate uptake and glucose utilization by astrocytes (Fig. 4) . The intracellular molecular mechanism(s) of this coupling are presently being investigated; a critical involvement of the Na + /K + -ATPase is likely, since ouabain completely inhibits the glutamate-evoked 2-DG uptake by astrocytes (Pellerin and Magistretti, 1994) . The astrocytic Na + /K + -ATPase responds predominantly to increases in intracellular Na + for which it shows a K m of about 10 HIM (Kimelberg et al., 1978; Erecinska, 1989) . Since in cultured astrocytes, the (Na + ), concentration ranges between 10 and 20 rtiM (Kimelberg et al., 1993) , NaV K + -ATPase is set to be readily activated when (Na + ), raises concomitantly with glutamate uptake (Bowman and Kimelberg, 1984) . In this context, it is important to note that in vivo, the main mechanism that accounts for the activationinduced 2-DG uptake is represented by the activity of the Na + /K + -ATPase (Mata et al., 1980) . In contrast to what is observed in astrocytes, glutamate does not stimulate 2-DG uptake in cultured neurons, despite the feet that glutamate can elicit functional responses in these cells, which are mediated by ionotropic and metabotropic receptors. Examples of functional responses in these neuronal cultures, which are totally devoid of glial markers, are the NMDA and AMPA/kainate-mediated increases in intracellular calcium (Stella et al., 1995) , stimulation of arachidonic acid formation (Stella et al., 1995) , and induction of c-fos expression (Pellegri et al., 1994) , as well as the metabotropic receptor-mediated stimulation of phospholipase C (Stella et al., 1995) . Cultured neurons also possess an active glutamate reuptake system, •which has, however, a maximal capacity almost 80 times inferior to that of astrocytes (V m , x in neurons 0.74 nmol/mg prot/min; V^, in astrocytes 57.4 nmol/mg prot/min).
A similar compartmentalization of glucose uptake has been described in a series of elegant experiments carried out by Marcos Tsacopoulos and his colleagues in the honeybee drone retina and, more recently, in the guinea pig retina. The honeybee drone retina is a crystal-like structure that is structurally and metabolically compartmentalized (Tsacopoulos and Veuthey, 1993) . Thus, in this highly organized nervous tissue preparation, photoreceptor cells form rosette-like structures that are surrounded by glial cells. In addition, mitochondria are exclusively present in the photoreceptor neurons. Upon activation of the photoreceptors by light, an increase in 2-DG uptake can be visualized in the glial cells surrounding the rosettes, but not in the photoreceptors (Tsacopoulos et al., 1988 ). An increase in O 2 consumption is, nonetheless,measured in photoreceptors. These experiments suggest that following activation of photoreceptors by light, glucose is predominantly taken up by glial cells, which then release a metabolic substrate to be oxidized by photoreceptor cells. Similar results have been observed in guinea pig retina, in which 2-DG uptake is visualized by autoradiography only in Miiller cells (Poitry-Yamate and Tsacopoulos, 1992) .
Lactate Released by Astrocytes Is a Metabolic Substrate for Neurons
The fact that during activation the increase in glucose uptake can be ascribed predominantly, if not exclusively, to astrocytes, implies that energy substrates other than glucose must be released by astrocytes. As indicated earlier, lactate and pyruvate are adequate substrates for brain tissue in vitro (McIlwain, 1953; Ide et al., 1969; Teller et al. 1977; Mcllwain and . Schematic representation of the mechanism for glutamate-induced glycolysis in astrocytes during physiological activation. At glutamatergic synapses, glutamate depolarizes neurons by acting at specific receptor subtypes. The action of glutamate is terminated by an efficient glutamate uptake system located primarily in astrocytes. Glutamate is cotransported with Na*, resulting in an increase in the intracellular concentration of Na», leading to an activation of the Na*/K* ATPase. The pump, fueled by ATP provided by membrane-bound gfycolytic enzymes (possibly phosphoglycerate kinase, PGK; see Proverbio and Hoffman, 1977) , activates glycolysis, that is, glucose utilization and lactate production, in astrocytes. Lactate, once released, can be taken up by neurons and serve as an adequate energy substrate. For graphic clarity, only lactate uptake into presynaptic terminals is indicated. However, this process could also occur at the postsynaptic neuron. This model, which summarizes in vitro experimental evidences indicating glutamate-induced glycolysis, is taken to reflect cellular and molecular events occurring during activation of a given cortical area [arrow labeled A activation). Direct glucose uptake into neurons under basal conditions is also shown [arrow labeled ft basal conditions). Pyr, pyruvate; Lac, lactate; Gin, glutamine; G, G-protein (taken with permission from Pellerin and Magistretti, 1994) . Bachelard, 1985; Schurr et al., 1988) . In fact, synaptic activity can be maintained in cerebral cortical slices with only lactate or pyruvate as a substrate (Mcllwain, 1953; Mcllwain and Bachelard, 1985; Schurr et al., 1988) . Recently, neurodegeneration in the hippocampal slice preparation induced by glucose deprivation has been shown to be prevented by inclusion of lactate in the perfusing medium (Izumi et al., 1994) . Indeed, recent evidences obtained in cellularty homogeneous or well compartmentalized preparations indicate that astrocytes process glycolytically glucose by converting it to lactate. Thus, lactate is quantitatively the main metabolic intermediate released by cultured astrocytes at a rate of 15 to 30 nmol/mg prot/min (Walz and Muckerji, 1988; Dringen and Hamprecht, 1993; Sorg et al., 1993) . This rate of release correlates well with the rate of glucose uptake by the gray matter (Sokoloff et al., 1977) or by astrocytes in culture (Yarowsky et al., 1986; Yu et al., 1993) , which is between 5 and 15 nmol/mg prot/ min. Other, quantitatively less important intermediates released by astrocytes are pyruvate (approximately 10 times less than lactate), ot-ketoglutarate, citrate, and malate (Shank and Campbell, 1984; Selak et al., 1985; Sonnewald et al., 1991; Shank et al., 1993 )-Furthermore, fluxes of endogenous lactate between astrocytes and neurons have been quantified in vitro showing lactate utilization even in the presence of glucose (Larrabee, 1983 (Larrabee, , 1992 . However, in order for lactate (or pyruvate) to be an adequate metabolic substrates for neurons, particularly during activation, two additional conditions have to be fulfilled. First, that, indeed, during activation lactate release by astrocytes increases; second, lactate uptake by neurons must be demonstrated. Both mechanisms have been recently shown. Thus, when activation is mimicked in in vitro conditions by exposing cultured astrocytes to glutamate, a marked release of lactate, and to a lesser degree, pyruvate, is observed (Pellerin and Magistretti, 1994) . This glutamateevoked lactate release shows the same pharmacology and time course as the glutamate-evoked glucose utilization, thus indicating that glutamate stimulates the processing of glucose through glycolysis (Pellerin and Magistretti, 1994) . Consistent with the notion of activation-induced glycolysis are studies indicating increases in lactate levels in the rat somatosensory cortex following forepaw stimulation (Hossmann and linn, 1987; Ueki et al., 1988) . In addition, when lactate was measured in vivo by microdialysis in freely moving rats, similar increases in hippocampus and striatum following somatosensory stimulation were demonstrated (Schasfoort et al., 1988; Fellows et al., 1993) . Interestingly, the rate of lactate clearance from the extracellular space was markedly slowed in the presence of tetrodotoxin, a specific blocker of the neuronal voltage-sensitive sodium channels responsible for the generation of action potentials (Fellows et al., 1993) . This latter observation implies that during activation, lactate may normally be taken up by neurons as an energy fuel. Indeed, recent evidence obtained in purified neuronal cultures indicates the presence of a saturable and specific transport system for lactate (Dringen et al., 1993b) . Thus, a metabolic compartmentation whereby glucose taken up by astrocytes is metabolized glycolytically to lactate, which is then released in the extracellular space to be utilized by neurons, is consistent with the available biochemical and electrophysiological observations. This array of in vitro and in vivo experimental evidence supports the model of cellspecific metabolic regulation illustrated in Figure 4 . In particular, as far as glutamate-induced glycolysis is concerned, this model is taken to reflect cellular and molecular events occurring during activation of a given cortical area. Direct neuronal glucose uptake could still take place under these conditions, as it does in the basal state. It should also be noted that a reciprocal relationship appears to exist between aerobic gly-colysis and glutamate uptake. Thus, glutamate uptake into trocytes is markedly decreased by inhibition of glycoly; while being only moderately affected by hypoxia (Swans< 1992) . These results suggest the existence of a cooperati mechanism whereby glutamate uptake triggers aerobic g colysis, which in turn, is necessary to maintain proper trai membrane glutamate and Na + gradients to direct glutaira transport into astrocytes.
Studies in the well-compartmentalized honeybee dro; retina and in isolated preparations of guinea pig retina cc taming photoreceptors attached to Miiller cells corrobors such metabolic fluxes between glia and neurons. Thus, in s dition to the glial localization of glucose uptake during ac vation, the release of glycolytic products has also been show In particular, during activation, glial cells in the honeyb drone retina release alanine produced from pyruvate by trai amination; the released alanine is taken up by photorecept neurons which, after reconversion to pyruvate, can enter ti tricarboxylic acid cycle to yield ATP through oxidative ph( phorylation (Tsacopoulos et al., 1994) . In the guinea pig n ina, lactate, formed glycolytically from glucose, is released I the Muller cells to fuel photoreceptor neurons (Poitry-Yama 1994) .
. In summary, while plasma lactate cannot fully substitu for glucose as a metabolic substrate for brain because of : limited permeability across the blood-brain barrier (Pardrid; and Oldendorf, 1977) . lactate formed within the brain pare chyma, e.g., through glutamate-activated glycolysis in asti cytes, can fulfill the energetic needs of neurons. Lactate, aft conversion to pyruvate via a reaction catalyzed by lactate dehydrogenase (LDH), can provide on a molar basis 18 ATP through oxidative phosphorylation. Five isozymes of LDH exist, with at one end the M 4 (muscle) isozyme favoring the formation of lactate from pyruvate, while the H< (heart) isozyme drives the reaction preferentially in the opposite direction. The other three isozymes are tetramers composed of different combinations of the two subunits (M and H) and have intermediate properties. There is some evidence that the M subunit is predominant in astrocytes, while neurons are enriched with the H subunit (Tholey et al., 1981) , an observation consistent with lactate production by astrocytes and utilization by neurons. Interestingly, a similar metabolic exchange between cell types has been described in the testis (Mita and Hall, 1982) . In this case, active glycolysis in Sertoli cells produces lactate, which is the preferred metabolic substrate for round spermatids.
Gfycogenofysis Occurs during Activation and Is Localized in Astrocytes
Grycogen is the single largest energy reserve of the brain; it is mainly localized in astrocytes, although ependymal and choroid plexus cells, as well as certain large neurons in the brain stem contain glycogen . When compared to liver or muscle, the grycogen content of the brain is exceedingly small, about 100 and 10 times inferior, respectively. However, the brain can hardly be considered a grycogen storage organ and here the function of glycogen should be viewed as that of providing a metabolic buffer during physiological activity. Indeed, glycogen turnover in the brain is extremely rapid and glycogen levels are finely coordinated with synaptic activity . Thus, for example, during barbiturate anesthesia, a condition in which synaptic activity is markedly attenuated, glycogen levels raise sharply (Phelps, 1972) ; interestingly however, the glycogen content of cultures containing exclusively astrocytes is not increased by general anesthetics (Swanson et al., 1989) ; this observation indicates that the in vivo action of barbiturates on astrocytic glycogen is due to the inhibition of neuronal activity, stressing the existence of a tight coupling between synaptic activity and astrocytic glycogen. In addition, reactive astrocytes, which develop in areas where neuronal activity is decreased or absent as a consequence of injury, contain high amounts of glycogen (Shimizu and Hamuro, 1958; Wolfe et al., 1962; Watanabe and Passonneau, 1974) . Glycogen levels are tightly regulated by various neurotransmitters . Thus, we have shown that Vasoactive Intestinal Peptide (VIP), a neurotransmitter contained in a homogeneous population of bipolar, radially oriented neurons (Magistretti and Morrison, 1988) could promote a cAMP-dependent glycogenolysis in mouse cerebral cortical slices (Magistretti et al., 1981) . In view of the morphology and arborization pattern of VIP-containing neurons (Fig. 5) , we proposed that these cells could regulate the availability of energy substrates locally, within cortical columns (Magistretti et al., 1981; Magistretti and Morrison, 1988) . A similar effect had been previously described for NA (Quach et al., 1978) , serotonin and histamine (Quach et al., 1980 (Quach et al., ,1982 . The noradrenergic system is organized according to principles strikingly different from those of VIP neurons: the cell bodies of NA-containing neurons are localized in the locus coeruleus in the brain stem from where axons project to various brain areas including the cerebral cortex; here, they enter the rostral end and progress caudally with a predominantly horizontal trajectory, across a vast rostrocaudal expanse of cortex (Morrison et al., 1978) . Given these morphological features we suggested that, in contrast to VIP-containing intracortical neurons, the noradrenergic system could regulate energy homeostasis globally, spanning across functionally distinct cortical areas (Magistretti et al., 1981; Magistretti and Morrison, 1988; Fig. 6 ).
The glycogenolytic effect of VIP and NA is exerted in astrocytes, as indicated by studies in primary astrocyte cultures bloodvessels thalamus locus coeruleusi noradrenaline fibre WM thalamo-cortical fibre Figure 6 . Anatomical organization and putative targets of the NA-and VlP-containing neuronal circuits in rat cerebral cortex a, Noradrenergic fibers originate in locus ceruleus and project to the cerebral cortex, where they adopt a horizontal trajectory parallel to pial surface. 6, VIP neurons are intrinsic to the cerebral cortex and are oriented vertically, perpendicular to the pial surface. ( Magistretti et al., 1983; Sorg and Magistretti, 1991) as well as by the fact that glycogen is primarily localized in this cell type (Peters et al., 1991) . Thus, VIP and NA promote a concentration-and time-dependent glycogenolysis in astrocytes, with EC 50 of 3 and 20 nM, respectively (Magistretti et al., 1983; Sorg and Magistretti, 1991) . The effect of NA is mediated by both P and a, receptors. In addition to VIP and NA, adenosine and ATP are also glycogenolytic in astrocytes (Table 1 ). The initial rate of glycogenolysis activated by VIP and NA is between 5 and 10 nmol/mg prot/min (Sorg and Magistretti, 1991) ,a value that is remarkably close to glucose utilization of the gray matter, as determined by the 2-DG autoradiographic method (Sokoloff et al., 1977) . This correlation indicates that the glycosyl units mobilized in response to the two glycogenolytic neurotransmitters can provide quantitatively adequate substrates for the energy demands of the brain parenchyma. At this stage, it is not yet clear whether the glycosyl units mobilized through glycogenolysis are used by astrocytes to face their energy demands during activation, or whether they are metabolized to a substrate such as lactate (Dringen et al., 1993a) , which is then released for the use of neurons. A well-established fact is that glucose is not released by astrocytes, at least in vitro (Dringen et al., 1993a) , supporting the view that the activity of glucose-6-phosphatase in astrocytes is very low (Sokoloff et al., 1977; Fishman and Karnovsky, 1986) . Another action of NA on energy metabolism is the marked stimulation of 2-DG uptake in primary astrocyte cultures (Yu et al., 1993) . This action is functionally coordinated with glycogenolysis, since the same extracellular signal (NA) results in an increased availability of glycosyl units for ATP production in astrocytes. In contrast to NA, VIP does not influence glucose uptake by astrocytes (Yu et al., 1993) .
Glycogenolysis, revealed by a newly developed autoradiography technique for glycogen, has been demonstrated also in vivo following physiological activation of a modality-specific pathway . Thus, repeated stimulation of the vibrissae resulted in a marked decrease in the density of glycogen-associated autoradiographic grains in the somatosensory cortex of rats (barrel field) as well as in the relevant thalamic nuclei . These observations indicate that the physiological activation of specific neuronal circuits results in the mobilization of glial glycogen stores.
Further evidence supporting a role of astrocytic glycogen as a metabolic buffer in the early stages of activation has been provided in hippocampal slices (lipton, 1988) . Electrical stimulation of the slice results in an immediate and marked increase in NADH fluorescence, an index for the activation of glycolysis (Lipton, 1973) . This increase in NADH fluorescence is observed in a •well-oxygenated medium containing adequate supplies of glucose, and occurs at the onset of synaptic activity. However, the signal disappears when the glycogen content of the slices is depleted by a glycogenolytic pretreatment (Lipton, 1973) . This observation further suggests that an activation of glycogenolysis occurs at the onset of synaptic activity.
Correlations with Functional Brain Imaging
The data reviewed thus far on the cell-specific metabolic events that take place during activation strongly suggest an activity-dependent glucose uptake into astrocytes, which then release lactate as die metabolic substrate to fuel neuronal energy metabolism. Evidence has also been provided for an activation-induced glycogen mobilization in astrocytes. This set of observations is consistent with some now well-established but originally unexpected findings obtained in functional brain imaging studies, for which they provide, in fact, some cellular and molecular bases. With the advent of Positron Emission Tomography (PET) and the use of positron-emitting isotopes such as 18 F, local glucose utilization has been studied in humans with 2-( 18 F)fluoro-2-deoxyglucose Raichle, 1979; Reivich et al., 1979; Reivich and Alavi, 1983) . Similarly, local oxygen consumption and changes in blood flow can be studied in humans by PET using "O 2 and H 2 " O (Frackowiak et al., 1980; Raichle et al., 1983) . PET studies in which blood flow, oxygen consumption, and glucose utilization were determined in the same subject have now clearly established that focal physiological cortical activation results in a metabolic uncoupling whereby the increases in blood flow and glucose utilization are not matched by a commensurate increase in oxygen consumption, indicating nonoxidative glucose utilization (Fox and Raichle, 1986; Fox et al., 1988) . These in vivo observations are consistent with the model of metabolic fluxes summarized in Figure 4 , which is based on observations made in purified cellular preparations and in simple and well compartmentalized neural systems. In particular, the glutamate-induced glycolysis recently reported in astrocytes provides a cellular basis for the metabolic uncoupling demonstrated in PET studies, which has led to the notion of activation-induced glycolysis (Fox et al., 1988) .
Another important issue that emerges from studies at the cellular level is that glucose utilization, as visualized during physiological activation in humans by PET using 18 F-labeled deoxyglucose or in laboratory animals with the 2-DG autoradiography technique may reflect predominantly uptake of the tracer into astrocytes. This conclusion does not question the validity of deoxyglucose-based techniques to map neuronal activity; rather, it provides a cellular and molecular basis for these in vivo imaging procedures.
Evidence for glycolysis as the principal metabolic pathway operational during activation of a given brain area has also been provided by in vivo 'H-NMR spectroscopy studies (Prichard et al., 1991; Sappey-Marinier et al., 1992) . Such analyses, which are consistent with the previously reviewed evidences obtained in microdialysis studies (Fellows et al., 1993) , show increases in the lactate signal in primary visual cortex following physiological activation (Prichard et al., 1991; Sappey-Marinier et al., 1992 ).These in vivo 'H-NMR spectroscopy studies taken together with the PET data indicating a metabolic uncoupling, reveal a previously unrecognized prevalence of glycolysis over oxidative phosphorylation during activation. One of the possible roles for activation-induced glycolysis may be to provide ATP to fuel energy-dependent ion transport, in particular the Na + /K + -ATPase, which represents the main energy-consuming process in neural cells (Siesjo, 1978; Erecinska and Dagani, 1990) . In fact, a preferential role of glycolysis-derived ATP for the activity of the Na + /K + -ATPase, has been recognized in various tissues (Proverbio and Hoffman, 1977; Paul et al., 1979 Paul et al., , 1989 , including the brain (lipton and Robacker, 1983)-Other energy-consuming processes in the nervous system appear to use preferentially glycolytically derived ATP (Knull, 1978; Dirks et al., 1980; Raffin et al., 1992; Andersen and Marmarou, 1992) .
The conclusions derived from functional brain imaging studies (Fox and Raichle, 1986; Ueki et al., 1988; Prichard et al., 1991; Sappey-Marinier et al., 1992) and from analyses at the cellular level, which indicate that the mammalian brain normally shifts to glycolysis as a source of energy during brief increases in neuronal activity, have formed the basis for the development of the now increasingly popular imaging technique of functional magnetic resonance imaging (MRI; Ogawa et al., 1992; Kwong et al., 1992; Cohen and Bookheimer, 1994; Raichle, 1994) . This technique is based on the fact that the magnetic-susceptibility properties of hemoglobin vary with its degree of oxygen saturation (Ogawa et al., 1990) . Physiological stimulation results in increased blood flow, implying increased delivery of oxyhemoglobin; however, because of the prevalent glycolytic utilization of glucose in the activated area, oxygen consumption does not increase in parallel. Given this local temporary mismatch between oxygen supply and oxygen consumption, it follows that paradoxically, hemoglobin present in the venous blood draining the activated focus is less desaturated than in surrounding areas. The change in oxy-/deoxy hemoglobin ratio due to the presence of an excess oxyhemoglobin yields a distinct signal detected by MRI (Ogawa et al. 1992; Kwong et al., 1992) ; this is one of the current molecular mechanisms proposed as a basis for functional MRI (Cohen and Bookheimer, 1994; Raichle, 1994) . Other processes, such as, for example, blood volume increase, may also contribute to the signal (Cohen and Bookheimer, 1994) . In fact, the nature of the signal detected by functional MRI has also been recently compared to that of signals obtained using optical imaging techniques at the brain surface during functional activation in laboratory animals (Grinvald et al., 1986; Frostig et al., 1990) . The view that has emerged from these studies is that at least one of the signals detected with the particular imaging technique of reflectance is due to the presence of deoxyhemoglobin in the activated area (Bonhoeffer and Grinvald, 1993) , a view that is at odds with the notion of metabolic uncoupling yielding excess oxyhemoglobin during activation. Below, we provide a few considerations that may offer some useful arguments for the discussion on these contrasting views.
Some Theoretical Considerations on the Nature of the Signals Detected in Optical Imaging Studies during Activation and Their Relationship to Functional MRI
Changes in tissue optical properties that correlated with metabolic activity were first described almost 70 years ago (Kelin, 1925) . Since these intrinsic optical signals were relatively small, it is not until recently that, with the advent of appropriate amplification procedures, they have been usefully exploited to study brain activation. Although it was shown that transmission of infrared light could be used to monitor blood volume changes and hemoglobin oxygenation state in the intact brain (Jobsis, 1977) , the technique using the reflectance signal from light at wavelengths between 480 and 940 nm has been more extensively studied and developed (Grinvald et al., 1988) . The nature of the events giving rise to the reflectance signal has not been entirely elucidated, but at least two components have been identified. The first one is the absorption by hemoglobin over almost the entire wavelength range from 480 and 940, which appears to correlate with changes in blood volume. The second, which becomes predominant between 600-630 nm, appears to correspond to the transition of oxyhemoglobin to deoxyhemoglobin, and would thus reflect oxygen delivery (Frostig et al., 1990) .
When the time course of the reflectance signal obtained at different wavelengths following activation is compared, it becomes clear that the signal detected at 600 nm precedes the signal at either 570 or 840 nm (Frostig et al., 1990 ). This was interpreted as an indication that oxygen delivery begins before the increase in blood volume takes place. Since the early signal, which has a latency between 100 and 300 msec is currently used as an index of neuronal activation (Bonhoeffer and Grinvald, 1993) , the notion that the origin of the signal detected in optical imaging studies is deoxyhemoglobin has been the prevailing one. A point that is important to note is the fact that, after the initial rise, the signal at 600 nm decreases while the signal at 570 and 840 nm begins to increase (Fig. 7) . Even more striking is the fact that if the stimulus causing the activation is of short duration, the signal at The optical signal recorded either at 570 or 840 nm is accounted for by the increase in total hemoglobin (Hb + HbO?), a likely consequence of increased blood volume. The fMRI signal is interpreted as an increase in the ratio of HbtyHb, a consequence of the increased blood volume with little or no increase in oxygen consumption by the tissue during activation, which leads to a higher oxyhemoglobin content in the venous blood. 600 nm shows an undershoot (Grinvald et al., 1986) . Since the 600 nm signal is taken to reflect predominantly the ratio of deoxyhemoglobin over oxyhemoglobin, the decrease and following undershoot could be interpreted either as the reoxygenation of hemoglobin, or more likely, as the arrival of large amounts of oxyhemoglobin overcoming the smaller desaturation process taking place. This, of course, would be brought about by the increase in blood volume that occurs upon activation (Fox and Raichle, 1986; Fox et al., 1988) . As a net result, during the undershoot phase, it can be predicted that the blood leaving the activated area would have an higher oxygen content than at rest. This is precisely what is observed with functional magnetic resonance imaging (fMRI), a technique based, as noted earlier, on the difference in magnetic susceptibility between oxyhemoglobin and deoxyhemoglobin (Cohen and Bookheimer, 1994; Raichle, 1994) .The latency of fMRI is longer than optical imaging, that is, a few seconds compared to a few hundred milliseconds (Frostig et al., 1990; Cohen and Bookheimer, 1994; Menon et al., 1994) ; this would explain why fMRI monitors only the increase in the oxyhemoglobin signal concomitant with the increase in blood volume (Fig. 7) . This interpretation on the origin of the reflectance and fMRI signals would agree with PET measurements of blood flow and O 2 consumption (Fox and Raichle, 1986; Fox et al., 1988) which indicate an important increase in blood flow upon activation with only a small increase in O 2 consumption.
The mechanism that gives rise to both the early increase in oxygen delivery and to the subsequent increase in blood volume recorded by optical imaging still remains to be fully elucidated. Since the initial proposal by Roy and Sherrington (1890) suggesting that products of cerebral metabolism could be responsible for the coupling of neuronal activity to blood flow, a number of candidates have been identified, including H + , K + and adenosine (Edvinsson et al., 1993) . The latest potential candidate on the list is the gas nitric oxide (NO), although variable results were obtained from studies in which inhibition of NO synthesis was achieved to prevent the activation-induced increase in local blood flow (Iadecola e t al., 1994). However, recent evidence has provided indication diat NO, formed through the action of glutamate released during neuronal activation, can, indeed, couple activation to blood flow in the cerebellum (Akgoren et al., 1994) . Much less is known about the mechanism(s) responsible for oxygen delivery. One possibility is that local increases in oxygen consumption by the active neuropil triggers oxygen release from hemoglobin by establishing a pO 2 gradient. However, PET studies show only marginal increases in oxygen consumption in activated brain areas (Fox et al., 1988) . In peripheral tissues such as muscle, a well-known mechanism responsible for oxygen release during increased metabolic demands is the Bohr effect (Stryer, 1988) . Actively metabolizing tissues, such as muscle, produce large amounts of CO 2 and H + . Both agents bind to hemoglobin and decrease its affinity for oxygen, thus causing a local oxygen delivery. A similar mechanism is likely to take place in the brain. In particular, lactate, produced as a consequence of glycolysis-induced activation (Fox et al., 1988; Prichard et al., 1991; Pellerin and Magistretti, 1994) could provide the necessary H + . One problem with this mechanism is that it appears too slow to account for the rapid oxygen delivery signal observed with optical imaging. Another possibility which, to our knowledge, has not been considered so far, is NO production. This gas is produced during activation (Akgoren et al., 1994; Iadecola et al., 1994) and diffuses rapidly through biological tissues ( Vanderkooi et al., 1994) . NO has been shown both in free oxyhemoglobin solutions or in erythrocyte suspensions to react with oxyhemoglobin (Henry et al., 1993) . Indeed, based on this well-characterized interaction, hemoglobin is routinely used as an inhibitor of NO's actions since it prevents NO to interact with other molecular targets (Gibson and Roughton, 1957; Martin et al., 1986; Moncada et al., 1991) . The interaction of NO with hemoglobin can yield two products: methemoglobin or nitrosylhemoglobin (Henry et al., 1993) . Methemoglobin results from the oxidation of oxyhemoglobin by NO (in this reaction, the iron atom in the heme ring is oxidized from Fe 2 * to Fe 3+ ); indeed, the spectral changes of oxyhemoglobin to methemoglobin are used to determine NO formation in tissues (Kelm and Schrader, 1990) . In contrast nitrosylhemoglobin results from the binding of NO to the heme ring of either deoxyhemoglobin or methemoglobin (Kanner et al., 1992) . NO was also shown to bind with a much greater affinity to the hemoprotein than O 2 . (Henry et al., 1993 ). An isosbestic point, that is, the wavelength at which two molecules have identical absorbance properties, exists among nitrosylhemoglobin, methemoglobin, and deoxyhemoglobin at around 600 nm (Van Assendelft, 1970; Kanner et al., 1992) . This is the wavelength at which the signal detected by optical imaging is interpreted as oxygen delivery (Frostig et al., 1990) . However, a signal detected at 600 nm can be due to an increase in either nitrosylhemoglobin, methemoglobin, or deoxyhemoglobin, or a combination of them (Fig. 8) . Since the early reflectance signal during activation is largest at 605 ± 10 nm (Bonhoeffer and Grinvald, 1993) , the possibility should be considered that the optical signal may arise from nitrosylhemoglobin and/or methemoglobin formed by the reaction of NO with hemoglobin. This point is particularly worth considering in view of the feet that PET studies indicate only a marginal increase in oxygen consumption upon activation, hence, making the formation of significant amounts of deoxyhemoglobin unlikely. These considerations bring into perspective a possible role of NO in the early signal Wavelength (nm) Figure 8 . Absorption spectra of oxyhemoglobin (HbO 2 ), deoxyhemoglobin (Hb), methemoglobin (metHb), and nitrosylhemoglobin (HbNO; adapted from Van Assendelft, 1970, and Kanner et al., 1992) .
detected by optical imaging techniques (Grinvald et al., 1986; Frostig et al., 1990) .
Concluding Remarks
The focus of this article has been to try to highlight the latest observations of brain energy metabolism at the cellular and molecular levels and their relationships with the recent developments in functional brain imaging. From the convergence of in vitro and in vivo observations, a novel emerging concept is that the brain resorts to glycolysis to face increased energy demands during activation. Astrocytes appear to be the predominant cellular locus of this process. The activationinduced glycolysis provides the signal for '"F-2DG studies, 'H-NMR lactate spectroscopy, and, ultimately, fMRl. Therefore, while the cellular and even molecular basis for these three signals appears to be reasonably clarified, the nature of the molecular mechanism(s) that underlie the coupling between activation and increased blood flow is still elusive, even 100 years after the seminal work of Roy and Sherrington (1890) .
